The behavior of water inside the living cell has been carefully studied but little attention has been paid to its effect on the permeability of the nonaqueous surface layers of the protoplasm. The behavior of the cell may depend to a large extent on the water content of these layers. This subject presents very interesting problems which deserve careful examination.
The non-aqueous surface layer may be invisible under the microscope and is then regarded as less than half a micron in thickness.
Overton 5 found that various organic substances enter the cell at rates which correspond roughly to their solubility in such substances as olive oil. He therefore concluded that the protoplasmic surface is lipoid in nature and this idea has found wide acceptance. It is, however, inadequate in some important respects since it makes no provision for the entrance of salts or for the free passage of water.
Overton made experiments by plasmolyzing cells with solutions of salts and stated that on standing in such solutions the contracted protoplasm did not subsequently expand as it should if the salts entered. The writer s repeated these experiments and found that the expansion actually occurred, showing that the salts entered. This was overlooked by Overton because when the cells remained in the salt solution they subsequently died and the protoplasm shrank, producing false plasmolysis which could easily be mistaken for true plasmolysis.
It is evident that salts enter since their concentration inside may become much greater than outside. In the fresh water plant Ni~lla gracilis, floating freely in water, the protoplasm forms a thin layer surrounding a large central vacuole filled with sap. The concentration of K + in the vacuole may be about 13,000 times 7 greater than in the external solution as observed by Collander.
In dilute solutions where there is no inwardly directed potential, it seems probable that the entering ions are combined with organic carrier molecules as described elsewhere?
We must consider the possibility that there may be an outward movement of free ions 9 since there may be an outwardly directed diffusion potential in Nitella. The potential obeys the Nernst equation for diffusion potential.
Overton, E., Vierte~'ahrsschr. nalurforsch. Ges. Zurich, 1899, 44, 88 . The importance of lipoid solubility can be conclusively demonstrated by allowing substances to penetrate into the very large cells of the fresh water plant Chara, squeezing out the sap, and subjecting it to chemical analysis. This has been done by Collander and Biirlund. See Collander, R., and Biirlund, H., Aaa Bot. Fennica, 1933, 11, 1, and Collander, R., Tr. Faraday Soc., 1937, 33, 985. s Osterhout, W. J. V., Science, 1911, 34, 187; Plane World, 1913 , 16, 129. See also, Fitting, H., Jahrb. wissensch. Bet., 1915 1917, 57, 553; TrSndle, A., Arch. so. phys. el nat., 1918, 45, 38 . For the extensive literature of the subject see Brooks, S. C., and Brooks, M. M., The Permeability of Living Cells, Berlin, Zehlendorf, Gebrtidcr Borntriiger, 1941. 7 See mualysis of Nilella gracilis by Collander, R., Protoplasma, 1936 , 25, 201. 80sterhout, W. J. V., J. Gen. Physiol., 1952 , 35, 579. 90sterhout, W. J. V., J. Gen. Physiol., 1930 Hill, S. E., and Osterhout, W. J. V., J. Gen. Physiol., 1938, 21,541; Osterhout, W. J. V., J. Gen. Physiol., 1954, 37, 813; Osterhout, W. 5 . V., in Electrochemistry in Biology and Medicine, (T. Shedlovsky, editor), New York, John Wiley & Sons, 1955, 213. If the electrical properties 9 of the inner and outer protoplasmic surfaces are not very different, we may proceed as if they were fused into one after removal of the protoplasm lying between them. Putting P for potential we have (at 25°C.)
in which U is the mobility of K + and V the mobility of C1-in the non-aqueous surface layers, a0 is the activity of KC1 in the external solution and a, is its activity in the sap. S is the activity partition coefficient of KC1 in the nonaqueous layers 1° and is independent of the value of the activities. The effect of KCI is so great in comparison with that of other electrolytes present that the latter may be neglected.
The equation may be applied to Nitdla. n For example, with 0.001 rt KC1
outside and 0.05 • KC1 in the sap = we may use concentrations in place of activities and put am = 0.05 and a0 = 0.001. No allowance is made for any change in the value of a0 due to combination with carrier molecules since this change would be small and difficult to estimate. In earlier experiments on KCI we have found 13 that U + V = 85.5. Substituting numerical values we obtain P = 98 my., which is within the range of the usual observed values.
10 We assume for convenience that the value of S is the same at each surface of these layers but this is not necessarily the case since it may be affected by the presence of substances other than KC1. See Irwin, M., Proc. Soc. Exp. Biol. and M~., 1927, 9.5, 127 ; Davson, H., and Danielli, J. F., The Permeability of Natural Membranes, Cambridge University Press, 1943. u The experiments were performed on Nitdla flexilis, Ag., using the technique employed in former papers (Hill, S. E., and Osterhout, W. J. V., J. G~t. Physiol., 1938, 9.1, 541) . Temperature was 20 to 25°C. The cells were freed from neighboring cells and kept for 30 days or more at 15 4-I°C. in solution A (of. Osterhout, W. J. V., and Hill, S. E., J. Gen. Physiol., 1933, 17, 87) .
x~ To obtain the sap the cells were washed in distilled water, dried with filter paper, and cut open to allow the sap to escape. It was assumed that in this way we obtained mostly sap, leaving the protoplasm behind and this assumption appears to be justified, for when the liquid obtained in this way is applied externally it reduces the t,.v. to zero as shown by leading off to a spot killed by chloroform. The liquid obtained in this way contained about 0.05 M KC1 and 0.05 M NaC1 together with small amounts of other electrolytes. It was assumed that this represents the approximate composition of the sap but some of the electrolytes may have come from the protoplasm which is partly gel and partly liquid. It seems possible that the composition of the sap varies according to the season of the year and the locality in which the plants grow.
ts Osterhout, W. J. V., J. Gent. Physiol., 1930, 13, 715 . The value of U + V may vary with different lots of cells but the order of mobilities of the cations appears to be constant. If we place 0.01 ~t KC1 on the outside and find no potential across the It is evident that when a, and a0 are fixed, the value of P depends merely on the relative values of U and V and will not change when the absolute values become very small; there may be little actual outward movement of KC1 and this is in harmony with the fact that the electrical resistance is very high. '4
It may be noted that when we lead off by means of a string moistened with 0.001 ~r KC1 from a spot (A) on a Nitella cell (suspended in air) with an outwardly directed potential of 97 my. to a spot (B) in contact with 0.05 ~ KC1 where the potential is approximately zero, a current flows through the measuring instrument to B which is sufficient to register in a string galvanometer attached to an amplifier. 1~ In the marine alga Halicystis in sea water there is an outwardly directed potential of 70 inv. Blinks 18 states that a cell may live for some time suspended in sea water impaled on a capillary filled with sap thrust through the protoplasm into the vacuole. A salt bridge is now connected to the sea water surrounding the cell and a current passes outward through the protoplasm and through a galvanometer to the capillary which leads to the interior of the cell. This outward current may amount to 1 to 5 microamperes.
It therefore seems possible that we may have an ingoing stream of ions combined with carrier molecules producing no potential while entering, and in addition a smaller outgoing stream of free ions producing a considerable potential and a measurable current.
It may be added that if the external concentration of KC1 applied to Nitella is sufficiently high (e.g. 0.1 M KC1) there is an inwardly directed potential which means that some K + enters in the form of free ions. At the same time an additional amount of K + may enter in combination with carrier molecules and thus produce no potential while entering.
When the cell dies the outward movement of free ions greatly increases but the outwardly directed potential decreases. The increase in the outward movement of free ions can be shown by a very striking experiment. When a Nitella cell is transferred from 0.001 M KC1 to 0.01 ~ AgNO3 the cell is killed and there protoplasm it may mean that the sap contains about 0.01 M KCI or that the protoplasmic surfaces are not acting as efficient potassium electrodes.
14 Blinks, L. R., J. Gen. Physiol., 1930, 13, 495; Curtis, H. J., and Cole, K. S., J. Gen. Physiol., 1937, 21, 189. 15 The pH of the sap of Nitellaflexilis, Ag. is usually a little less than 6 (see Irwin, M., Y. Gen. Physiol., 1930, 14, 1) and this is approximately the pH of solutions of KCI applied to the exterior of the cells so that there is not enough difference between the pH of the sap and that of the external solution of KC1 to have any noticeable effect on the potential.
Regarding Nitella see Hill, S. E., and 0sterhout, W. J. V., J. Gen. Physiol., 1938, 21,541. is Regarding Halicystls see Blinks, L. R., Cold Spring Harbor Syrup. Quant. Biol., 1940; 8, 204. w. j. v. OST~m~OUT is an immediate exit of C1-which produces a heavy precipitato r of AgCI outside the cell. At the same time the outwardly directed potential falls from 97 my. to a very low value due to the destruction of the non-aqueous surface layers in which the mobility of K + is normally much higher than that of C1-. Weak electrolytes enter the cell much more rapidly in the form of molecules than in the form of ions. This is dearly seen in the experiments of Irwin is. on the entrance of brilliant cresyl blue (which behaves like a weak base) into Nitella.
If the external pH is so low that most of the dye is in ionic form, relatively little dye enters the cell. When the external pH is raised without changing the concentration of the dye outside, the dye enters more rapidly because more of it is in the form of molecules. The temperature coefficient is high indicating that a chemical reaction occurs.
To illustrate the behavior of the cell, we may construct an artificial cell by interposing a non-aqueous layer (chiefly guaiacol) TM between a solution of KOH + KC1, representing the external medium, and a solution of COs, representing the protoplasm in which CO~ is constantly produced. We then find that K + unites with the guaiacol to form K-gualacolate which passes through the guaiacol and reacts with the CO~ in the artificial protoplasm to form K~CO3 and KHCO3. The concentration of K + in the artificial protoplasm becomes much higher than in the external solution because K + cannot pass out through the guaiacol layer except very slowly. We then find an outwardly directed potential which is presumably due to the fact that K + has a higher mobility in the guaiacol layer than the anions with which it is associated.
Electrical measurements on Nitella indicate that the carrier molecules do not give up all their ions until they reach the vacuole, ~° so that with 0.001 M KC1 outside, the concentration of potassium ions in the outer part of the protoplasm may be less than in the vacuole. But the protoplasm may also contain potassium in combination with carrier molecules. Thus if we have 0.001 M KC1 outside and the dissociation of the carrier molecules produces the same concentration a7 Unpublished results. See Osterhout, W. J. V., J. Gcn. Physiol., 1923 , 5, 709. mIrwin, M., J. Gen. Physiol., 1922 1923, 5, 727; 1925, 8, 147; 1926, 9, 561; 1926, 10, 75 . Similar results were later obtained by other investigators using H2S and CO~. Osterhout, W. J. V., J. Gen. Physiol., 1925, 8, 131; Osterhout, W. J. V., and Dorcas, M. J., J. Gen. Physiol., 1925, 9, 255; Jacques, A. G., f . Gen. PhysioL, 1930, 13, 695. 19 Osterhout, W. J. V., and Stanley, W. M., Y. Gen. Physiol., 1932, 15, 667; Osterhout, W. J. V., J. Gcn. Physiol., 1932, 16, 157 . See also Osterhout, W. J. V., and Kamerling, S. E., Y. Gen. Physiol., 1934 , 17, 507. ~00sterhout, W. J. V., J. Gen. Physiol., 1954 . Osterhout, W. J. V., in Electrochemistry in Biology and Medicine, (T. Shedlovsky, editor), New York, John Wiley and Sons, 1955, 213. of potassium ions in the outer part of the protoplasm the concentration of these ions on opposite sides of the outer protoplasmic surface will be equal and the potential at this surface will be zero, although the protoplasm contains more potassium in undissociated form and the concentration of potassium ions in the inner part of the protoplasm may be greater than in the outer part.
The guaiacol molecule may be regarded as a carrier molecule which picks up K + from the external solution and delivers it to the artificial protoplasm.
The K-guaiacolate is only slightly dissociated in the guaiacol layer and it is evident that with still less dissociation the electrical resistance of this layer might be very high so that in this respect the guaiacol layer would resemble the surface layers of certain living cells. 2t We may assume that in the living cell there are amphoteric compounds and other substances which can carry C1-and other anions into the protoplasm.
If the external medium contains Na + at the same concentration as K +, Na + enters the artificial cell more slowly than K +, as commonly happens in the living cell.
In an artificial cell = the concentration of ions may become greater in the artificial protoplasm than in the external solution, thus setting up an outwardly directed potential, but, in spite of this, ions continue to enter in combination with carrier molecules just as in the living cell.
A cell model 23 to illustrate the behavior of brilliant cresyl blue in Nitella can be made as follows. A non-aqueous layer such as chloroform (representing the surface layer of protoplasm) is placed between a buffer solution at pH 3.5 (representing the cell sap) and the dye solution in a glass model. The higher the pH value of the dye solution the greater is the rate of penetration of the dye through the non-aqueous layer into the buffer solution at pH 5.5. This experiment shows that the dye penetrates more rapidly in the form of molecules than in ionic form.
Let us now consider the water content of the protoplasmic surface layers. Although these layers are immiscible with water they are very permeable to water. This can be shown by a simple experiment. If a Nitella cell 4 cm. long is surrounded in the center by a narrow barrier of vaseline and at the left end (A) we place water and at the right end (B) we place 0.5 ~ sucrose, water enters very rapidly at A, passes quickly along inside the cell (as shown by the movement of particles), and escapes into the sucrose solution at B. If the sucrose solution is replaced in a few seconds by water, the current is reversed and the motion soon stops. The cell may then live indefinitely. = 2~ If the HCO3-and COa--exchange with Ci-in the external solution, we obtain KC1 in the artificial protoplasm or in the artificiaI sap. Osterhout, W. J. V., J. Gen. Physiol., t932, 16, 157. Irwin, M., Proc. Soc. Exp. Biol. and Med., 1928, 9.6, 125; 1932, 9.9, 995 . Unpublished results.
If the flow from A to B is allowed to continue, injury occursat A and at B. At A the removal of solutes by the incoming stream causes disintegration of chlorophyll bodies. At B clear spaces appear and adjacent rows of chlorophyll bodies separate and form clear spindle shaped areas. These are known as splits. The protoplasm becomes disorganized and death follows. This experiment affords an excellent opportunity to test on the same cell the effect of removing solutes at A and of increasing solutes at B where they become concentrated because they cannot pass out through the protoplasm. Other experiments show that the Nitella cell may be eighteen times more permeable to water than to ethyl alcohol. 25 Jacques ** found a very rapid penetration of water into cells of the marine algae Valonia and Halicyslis. 27 When the mechanical resistance of the cellulose wall was removed by piercing it with a capillary glass tube, the entrance of water became ten to fifteen times faster than usual.
The extremely rapid growth of some bacteria such as Bacillus ramosus which doubles in size in 30 minutes, indicates high permeability to water. 28
The behavior of water in the living cell is similar to that in the artificial cell. When the osmotic pressure of living protoplasm increases, water enters from without. When we increase the osmotic pressure of the artificial protoplasm, water likewise enters from without. 29 The permeability of the surface layers regulates the speed of entrance of water but does not influence the amount required to produce equilibrium.
The water which enters the cell may pass out as when desiccation occurs or drops of water are excreted. An interesting case is seen in such cells as those of protozoa where absorbed water forms vacuoles which increase in size until a certain limit is reached after which the water in the vacuole is extruded into the surrounding liquid. Such vacuoles are known as contractile vacuoles. They provide an avenue of escape for waste products which are unable to pass out through the surface layers of the protoplasm.
The writer has found that this can be imitated by placing drops of castor oil (containing a little lamp black) in dilute solutions of ethyl alcohol to which small amounts of KOH have been added. ~ The drops of castor oil absorb water. This forms a vacuole which on reaching a certain size discharges into the external medium. This is repeated indefinitely. The mechanism involved in such cases deserves investigation.
The amount of water in the surface layers may be controlled in various ways. Gen. Physiol., 1950 , 33, 275. 2s Jacques, A. G., J. Gen. Physiol., 1938 , 22, 147. 27 Jacques, A. G., J. Gen. Physiol., 1939 The addition of acid may produce very striking effects. When acid is added to sea water containing cells of La~ninaria the electrical resistance of the cells first rises and then falls. This would be expected if the protoplasmic surface behaved like gelatin and other amphoteric substances as shown in the experiments of Loeb3 ° As acid diffuses into the cells the pH falls and in consequence water is given off and this produces a rise in resistance. As acid continues to enter the isoelectric point may be passed, after which water enters accompanied by a fall in resistance? 1 In connection with the rise of resistance and loss of water due to acid, we may note the experiments of Katchalsky "~ and others who have pointed out that certain organic substances shrink under the influence of hydrogen ions. This has been attributed to the fact that when long chains of molecules are present in a compound, each bearing a negative charge, they repel each other and thus lengthen the chain. When acid is added, the hydrogen ions neutralize these negative charges and the chain shortens. This may explain why the chloroplasts of Nitdla 3s shrink when the pH is lowered and expand when it is subsequently raised. The protoplasm of the marine alga Ch~tomorpha u acts in the same manner. In living cells of Spirog~ra 35 centrifugal force may cause chloroplasts to leave the protoplasm and move into the central vacuole where they contract. This contraction may be due, in part at least, to the fact that the vacuole is more acid than the protoplasm.
It would seem that local production of CO2 and other acids by metabolism in various parts of the protoplasm might produce sufficient local shrinkage to account for certain kinds of protoplasmic motion.
Polyvalent cations such as Ca "H-and La ~-~+ act somewhat like H +. When cells of Spirogyra are transferred from dilute solutions of NaC1 to isotonic solutions of salts with bivalent cations, the chlorophyll bodies shrink, indicating loss of water, and when salts with trivalent cations are employed the shrinkage is still greater. So, 1956, 19, 181. In view of these facts it does not seem surprising that when cells in. solutions of NaC1 take up too much water this can be corrected by the addition of H +, Ca ++, and La a ( t which have a dehydrating action.
Let us now consider some experiments on the marine alga Lar~inaria which suggest that we can control the amount of water in the non-aqueous surface layers by varying the proportions of CaC12 and NaC1 in the external solution. These experiments were made after Loeb ~ had shown that eggs of the fish Fundu/us soon die in solutions of pure NaC1 but are able to develop when CaCI~ is added in the proper proportion.
A similar situation was found by the writer in Laminaria a8 when determinations were made of its electrical conductivity. The conductivity depends chiefly on the concentration and mobilities of ions in the non-aqueous surface layers of the protoplasm. These layers appear to act like guaiacol in taking up a great deal of water without dissolving in it.
Using solutions having the same conductivity as sea water it was found that on transferring from sea water to pure NaC1 the conductivity increased rapidly. This was reversible since on replacing the cells in sea water the conductivity returned to normal and the cells lived for a long time. It seems probable that the increase in conductivity is due to an increase in the water content of the surface layers since Shedlovsky and Uhlig ~ found that the conductivity of dry guaiacol containing Na-guaiacolate increased rapidly when water was added. This was due to increased dissociation of the Na-guaiacolate.
In pure CaC12 the conductivity fell off but it returned to normal when the cells were replaced in sea water. 4° La +~ acts like Ca ++ but is more effective.
If the increase of conductivity in NaC1 is due to the increase in water content of the surface layers it seems natural to assume that a decrease in water content is responsible for the decrease in conductivity in CaCI~. This idea is supported by the experiment of Schmitt and Palmer. 4t Using lipide extracted from the brain to imitate the non-aqueous surface layers of the protoplasm they found Loeb, J., Am. J. Physiol., 1900, 3, 327 Physiol., 1949 , 32, 553. m Shedlovsky, T., and Uhlig, H. H., J. Gen. Physiol., 1934 , 17, 549. Osterhout, W. J. V., J. Gcn. Physiol., 1943 ~o All these results are the same when in place of sea water we use a balanced solution of NaC1 + CaCI~ in which the concentrations of Na + and Ca++ are the same as in sea water.
41 Schmitt, F. O., and Palmer, K. S., Co/d Spring Harbor Syrup. Quant. Biol., 1940, 8, 94. that when it was transferred from a solution of 0.6 ~ KCI to a solution of 0.04 M CaCl~ the water in the lipide was promptly removed.
These reversible effects in NaCI and CaCl2 are followed by irreversible effects which may be due to changes (precipitation, coagulation, etc.) in the protoplasm on which the surface layers rest. It therefore seems possible that injury may be caused by changes (including desiccation) which do not increase the water content of the non-aqueous surface layers.
It would therefore seem that the conductivity and the water content of the surface layers can be controlled by varying the proportion of Na + and Ca ++ in the solution. We may assume that the best proportion of Na + to Ca++ depends on the fact that it insures the most favorable water content. Adolph ~ states that about two-thirds of the human body is water and that an excess or deficit of only i per cent causes a noticeable disturbance.
Results similar to those described for Laminaria were obtained with other organisms including other marine algae, a flowering plant Zostera, ~ and frog skin .~ It may be noted that Loeb ~s in discussing the antagonistic effects of Na + and Ca ++ called attention to the fact that a Na soap contains much more water than a Ca soap.
A quantitative theory which enables us to predict the behavior of the cells in various mixtures can be constructed by assuming that the resistance is proportional to a substance M having a high resistance (and containing very little water) which is produced in the non-aqueous surface layers. We may assume that this substance results from the chain reaction A ~ M --~ B in which the reaction A --~ M is catalyzed by Ca ++ and the reaction M --~ B is catalyzed by Na+. 38 Other monovalent cations act like Na + and bivalent cations act like Ca++ but their effect may be greater. It may be added that H + is exceptional since it acts like a bivalent cation.
Such studies on the repair of injury are of much theoretical interest and may be of practical importance since they lie at the basis of the art of healing.
If we place water at opposite ends of the cell (A and B) and produce injury at B water enters at A and comes out at B. If we increase the injury at B the flow of water increases. It depends on the internal and external osmotic pressures and the permeability of the protoplasm to water. It may be measured by means of a simple apparatus described in a former paper? s Recovery from injury may likewise be detected in this way.
Let us now consider another aspect of water in the surface layers of the proAdolph, E. F., Physiology of Man in the Desert, New York, Interscience Publishers, Inc., 1947, 35. Osterhout, W. ~. V., ] . Gen. Physiol., 1919 , 1, 299. Osterhout, W. J. V., J. Gen. Physiol., 1919 , 1,409. 43 Loeb, J., Am. Y. Physiol., 1900 toplasm. We know that the egg of the sea urchin Arbacia can be activated in a variety of ways involving the taking up of water in the surface region of the egg and it would be interesting to know which of these is employed by the sperm. Loeb 4e observed in experiments on the artificial parthenogenesis of sea urchin eggs that activation of the egg could be induced by soap, saponin, and other surface-active agents which caused water to be taken up. The writel ~7 found that the eggs of the marine almelid worm Nereis could be activated by the surface-active substance duponol (sodium lauryl sulfate), and a surfaceactive substance was found in an extract of the sperm. *s The writer examined other seminal fluids *~ including those of trout, rooster, bull, and man, and in every case a highly surface-active substance was present. 5° If the activation of the egg and the uptake of water are due to surface-active substances in the sperm it seems possible that the egg might be activated by an extract of foreign sperm containing a surface-active substance which could diffuse into the egg and cause it to take up water and thus activate it, although the foreign sperm might not be able to enter.
It may be noted that duponol which is highly surface-active causes the protoplasm of Spirogyra to take up water and finally dissolve but it can be restored to the gel state by treatment with Lugol solution (KI + I). The transition from gel to sol and back again can be repeated many times in succession. 5~ We may conclude that the surface layer may contain a great deal of water and may be freely permeable to water, but under normal circumstances the amount is limited. When injury occurs the amount of water may change. If this condition continues too long the effect may become irreversible and death may ensue. The presence of any excessive amount of water may be indicated by abnormally high electrical conductivity.
It is a striking fact that when a cell is stimulated so that a propagated electrical disturbance passes along the cells, the electrical conductivity of the surface layers greatly increases. 52 This does not last more than a few seconds and it is followed by complete recovery of the normal state. Whether it is due to uptake of water or to other changes in the surface layer is uncertain.
Blinks ~ states that mechanical injury to Valonia alters the protoplasm in such fashion that it acts somewhat like that of a dead cell but it may subsequently completely recover. This is also true of chemical injury in Halicystis. ~ It seems possible that these injurious effects are due to uptake of water.
Striking effects can be produced in Nitella by bending the cells sharply at one spot thus altering the protoplasm so that it stains with acid fuchsin at that spot. The outer protoplasmic surface becomes permeable to the dye but this does not seem to occur at the inner protoplasmic surface. It seems possible that water is taken up by the outer non-aqueous protoplasmic surface layer which becomes more permeable in the altered regions. ~ The cell lives on indefinitely and cyclosis continues in the injured region. It would be interesting to know what would happen ff brain cells could receive this kind of injury.
Let us now consider some effects on protoplasmic potentials. The permeability of the surface layers of the protoplasm determines the protoplasmic potenrials which play an important part in life processes. The protoplasmic potentials appear to be due to diffusion potentials which depend on the concentration of ions and on their relative mobilities in the surface layers, g
The inner and outer protoplasmic surfaces may differ considerably and this may be due in part to differences in their water content. When the marine alga Valonia macropkysa Kiitz is placed in its own sap ~e there is an inwardly directed potentiaW. This must be due to a difference in mobilities or in partition coeffiBlinks, L. R., J. Gen. Physiol., 1936 , 19, 633. Blinks, L. R., Y. Gen. Physiol., 1929 . Unpublished experiments on Nitella fiexilis, Ag. s0 Damon, E. B., J. Gzn. Physiol., 1932, 15, 525. In Valonia and in Hallcystis the measurements of potential were made by inserting into the vacuole a fine glass capillary filled with sap and waiting until a seal was formed. Cells may live for weeks under these conditions and give consistent readings. Cells of Nitdla 7 or 8 cm. long were used for measurements of potential. A saturated solution of chloroform in water was applied at one end (A) and one electrode was placed in this solution. Another electrode was placed in the solution to be measured at the opposite end (B) and both electrodes were connected to the measuring instrument. It was found that death occurred very rapidly at A and the potential at A was then taken as zero. It was evident that the injury produced at A did not at once spread along the cell to B since the potential measured after the death of A remains constant for a long time and this was regarded as the value of the potential at B since the potential at A was taken as zero. In many cases solutions of KC1 were applied at B to ascertain what concentration gave zero potential and this concentration of KC1 was used on other cells of the same lot to obtain zero potential in place of chloroform in making measurements. This involved no injury to the cell. See Osterhout, W. J. V., and Harris, E. S., J. Gen. Physiol., 1928 , 11, 391. Osterhout, W. J. V., jr. Gen. Physiol., 1930 , 13, 715. Hill, S. E., and Osterhout, W. J. V., J. Gen. Physiol., 1938 .1, 541.
cients in the non-aqueous protoplasmic surface layers of some of the electrolytes present.
An interesting situation exists in Halicystis as shown by Blinks 68 where there is an outwardly directed potential of about 70 my. when the sap is replaced by sea water and sea water forms the external solution. It thus appears possible that a potential may exist when a layer of protoplasm separates two solutions having the same composition. This may occur when the inner and outer protoplasmic surfaces are unlike and this may be due to differences in water content.
It seems possible that differences between the inner and outer protoplasmic surfaces may be subject to experimental control. The outer protoplasmic surface of Nitdla may be altered by leaching 59 in distilled water which removes an organic substance called for convenience R. When calcium is applied the loss of R appears to be stopped so that the surface returns to its normal state. When the outer protoplasmic surface of Nitella has been leached so that it no longer acts like a potassium electrode the normal outwardly directed potential of the cell may remain intact showing that the potential is located at the inner protoplasmic surface. 2° When the inner protoplasmic surface has lost its potential as the result of stimulation tests of the outer protoplasmic surface show that it is still in normal condition, e° It is therefore evident that in Nitella the potential is chiefly at the inner protoplasmic surface.
It may be added that according to Francis eta potential may exist across a single protoplasmic surface in muscle with the same solution on both sides and a model of this sort has been set up by Shedlovsky. e2 He finds that a single asymmetrical membrane may give a considerable potential. This consists of a thin glass membrane to which is fused a layer of lauric acid. This membrane separates two identical solutions of buffered BaC12. On one side of the membrane the solid lauric acid reacts with the barium in the solution to form insoluble barium laurate and as a result a potential difference between the two solutions is created which may amount to 300 mv.
It is evident that the role of water in the surface layers of the protoplasm deserves further study. The arrangement ~ of the water molecules as well as their concentration (especially when emulsions are present) may be important.
SUM'MARY
The behavior of the cell depends to a large extent on the permeability of the outer non-aqueous surface layer of the protoplasm. This layer is immiscible with water but may be quite permeable to it. It seems possible that a reversible increase or decrease in permeability may be due to a corresponding increase or decrease in the water content of the non-aqueous surface layer.
Irreversible increase in permeability need not be due primarily to increase in the water content of the surface layer but may be caused chiefly by changes in the protoplasm on which the surface layer rests. It may include desiccation, precipitation, and other alterations. An artificial cell is described in which the outer protoplasmic surface layer is represented by a layer of guaiacol on one side of which is a solution of KOH + KC1 representing the external medium and on the other side is a solution of COs representing the protoplasm. The K + unites with gualacol and diffuses across to the artificial protoplasm where its concentration becomes higher than in the external solution. The guaiacol molecule thus acts as a carrier molecule which transports K + from the external medium across the protoplasmic surface.
The outer part of the protoplasm may contain relatively few potassium ions so that the outwardly directed potential at the outer protoplasmic surface may be small but the inner part of the protoplasm may contain more potassium ions. This may happen when potassium enters in combination with carrier molecules which do not completely dissociate until they reach the vacuole.
Injury and recovery from injury may be studied by measuring the movements of water into and out of the cell.
Metabolism by producing COs and other acids may lower the pH and cause local shrinkage of the protoplasm which may lead to protoplasmic motion.
Antagonism between Na + and Ca ++ appears to be due to the fact that in solutions of NaC1 the surface layer takes up an excessive amount of water and this may be prevented by the addition of suitable amounts of CaCI~.
In Nitella the outer non-aqueous surface layer may be rendered irreversibly permeable by sharply bending the cell without permanent damage to the inner non-aqueous surface layer surrounding the vacuole.
The formation of contractile vacuoles may be imitated in non-living systems.
An extract of the sperm of the marine worm Nerds which contains a highly surface-active substance can cause the egg to divide. It seems possible that this substance may affect the surface layer of the egg and cause it to take up water. A surface-active substance has been found in all the seminal fluids examined including those of trout, rooster, bull, and man.
Duponol which is highly surface-active causes the protoplasm of Spirogyra to take up water and finally dissolve but it can be restored to the gel state by treatment with Lugol solution (KI + I). The transition from gel to sol and back again can be repeated many times in succession. The behavior of water in the surface layer of the protoplasm presents important problems which deserve careful examination.
